We report some highly unusual phase behavior, of general implication for condensed matter, on the polymer poly( 4-methyl-pentene-1) (P4MP1) induced by changes in pressure and temperature, as observed in situ by x-ray diffraction. Upon increasing pressure beyond a threshold, the polymer, crystalline under ambient conditions, loses its crystalline order isothermally, passing through a continuously varying sequence of mesomorphic states, the process being reversible. This behavior is observed in two widely separated temperature regions, suggesting, for the first time in a single component system, the possibility of reentrant liquid-crystal and amorphous phases. At the upper temperature region (ca. 250°C) there is a consecutive increase and decrease of melting point with pressure. In the lower temperature region (room temperature) the pressure converts the crystal into an amorphouslike glass obviating the need for going through the melt first, and this in a reversible manner. The latter pressure-induced disordered phase converts into crystal on raising the temperature, and reverts to the glassy, disordered phase on lowering the temperature. Some aspects of this behavior have been found quite recently in water-ice and silica but the process of "melting on cooling" has no precedent in any known system. Other unexpected findings include a new pressure-induced modification of P4MP1 with a one-way only entry with temperature, but full reversibility with pressure leading to a triple point in the PT phase diagram. The above highly uncommon results are putting several prevailing preconceptions to test which are being scrutinized. In the course of it some early expectations on general phase behavior, allowing among others for reentrant phases in one component systems, are being invoked as potentially appropriate for certain polymeric systems, if not for condensed matter in general.
INTRODUCTION
The purpose of this communication, following a preliminary announcement' is to report some highly unusual observations on the polymer poly ( 4-methylpentene-1 ) (P4MP1) ; specifically, phase transitions induced by changes in pressure and temperature, representing an uncommon class of phase behavior.
Undoubtedly the totality of the unusual effects, as here reported, pertain only to P4MP1, or possibly to such other polymers which have similarly loosely packed crystal structures (see below). Nevertheless some of the new findings encountered should extend to a much wider range of polymers, and to materials beyond the confines of polymer science. In particular, the issues arising lead back to basic questions in thermodynamics, such as had been raised at the turn of the century: among others, the present paper should serve for their revitalization. In addition, some of our new findings on P4MP1 have parallels in recent works on such inorganic substances as water, silicates, phosphates, and others, thus providing a welcome convergence of hitherto separate inquiries all, so we believe, of potential relevance to the wider subject of phase transitions in condensed matter. Finally, a common ground with some aspects of organization in colloids, is also indicated.
In addition to features pertaining specifically to 125 P4MP1, the general issues to be touched upon are as follows: ( 1 ) Amorphization of crystalline materials by pressure; (2) phase transformations into and from the glassy state; ( 3 ) continuity between amorphous and liquid crystalline phases; (4) reentrant melt (or disordered) phases in single-component systems where the latter includes the unprecedented effect of reversible disordering on cooling together with the concomitant effect of crystallization on heating; (5) the existence of a crystal phase accessible only through one-way entry, and most significantly, (6) the inversion of the pressure coefficient of the melting point with pressure. Isotactic P4MP1 can exist in several crystal forms, of which only the most commonly occurring tetragonal is fully explored crystallographically. This arises on straightforward solidification from melts and in most, even if not all, precipitations from solution. Here the chains are 72 helices forming a tetragonal lattice of 4 chains per
The cell parameters are: a = b = 18.65 A, c (chain direction) = 13.76 A and LY = p = y = 90". The rather unusual fourfold coordination of helices has been attributed to the special intermeshing requirement of the side groups,' the resulting packing being rather open. The calculated (tetragonal) crystal density ( p c ) at room temperature ( R T ) is pc = 0.813. This is not only low for a polyolefin but lower than that of the corresponding amorphous material ( P A ) , which, as extrapolated to R T (P4MP1 cannot be obtained completely amorphous at R T ) , yields pA = 0.830. This closeness of densities, and in particular the inverted relationship between pc and pA, will acquire special significance in what follows. Some further factual information: the melting point (T,) of P4MP1 is 245OC under atmospheric pressure (AP) .
The uncrystallized component is supposed to have a glass transition (T,) at around 50°C.
A number of other crystal structures for P4MP1 also feature in the l i t e r a t~r e .~-~ Their origin is usually unspecified (preceding solvent treatments are mostly involved) being known to varying degrees of detail and accuracy, ranging from fairly full specifications, 5a,5b to merely broadest outlines.6 They will not concern us further here. In this work we shall refer to a further ( hexagonal-provisional assignment) structure further below: this is a new structure and not identical to any of the other structures referred in the literature on P4MP1 crystals (see also later).
EXPERIMENTAL
In the present work we are examining the response of PIMP1 to the combined influence of P and T by in situ recording of x-ray diffraction patterns at specified P and T.
The material of our investigation was isotactic poly-4 methyl pentene-1 (P4MPl) provided kindly by Professor Bassett (Reading) and Dr. DelmasPatterson (Montrhal). Both samples were of the same origin, namely ICI TPX dating from the 1960s. Based on experience in parallel work on crystallization behavior, ' we preferred this material to the current commercially available TPX (Mitsui) , as by existing evidence it conforms more closely to the expected behavior of pure homopolymer. Molecular weight, by information provided, is M, = 200,000; M,/M, = 4.7.
For the present work films were prepared by melt pressing and were then oriented by drawing for reasons to be apparent below.
The pressure apparatus enabling the present work is that of Hikosaka and Set0 (see ref. 8 ). The maximum attainable pressure-in the form set up presently-is 6 kbar, and the temperature can be varied between R T and 300°C. Diamond windows used in the pressure cell enable in situ x-ray diffraction investigation, and this at preselected pressures P and temperatures T, and thus the following of phase behavior either isobarically by varying T, or isothermally by varying P. (It is a special feature of this particular apparatus-not shared by most others used in high pressure studies with polymers-that P can be maintained constant in face of volume changes on phase transformation ) . For x-ray diffraction work a rotating anode generator was used with a Mo target. The diffraction patterns were recorded as flat-plate photographs. They also contain reflections from diamond serving as windows in the pressure cell; such reflections can provide convenient internal standards for both spacing and intensity. The P4MP1 samples were mostly used in the form of oriented films, which provided more reflection rich, and correspondingly better interpretable patterns than a sample with random orientation. Also, the changes in orientation at the various values of P and T provided noteworthy additional information.
In order to convey what we hold as the main issues we shall adopt a selection in the presentation of the sequence of phase transitions. Each of the sequences was corroborated by repeated runs along the same, or closely similar pathways. We were not aware of time dependant effects, at least on the time scale of our experiments, which was 5-10 h per exposure including adjustment times.
First, we shall choose pathways which involve transformations of the tetragonal solid (crystal) Figure 1 . PT phase diagram of poly (4-methyl-pentene-l ) , (P4MPl ) comprising the fully reversibly realizable and transformable phases: liquid (amorphous), solid (crystal in tetragonal form), and intermediate (liquid crystal), denoted by A, Ct, and LC, respectively. There is continuous gradation between LC and A, hence the two are represented collectively as LC-A corresponding to disordered structures as compared to C,, and are marked as such in the phase diagram: (The arrow (here as in Fig. 9 , and in the appropriate text portions) is meant to indicate passage through this gradation). The reversible transition from LC-A to C, on raising or lowering T involves passing through a broad regime, drawn shaded in the Fig. 1 , which encompasses a further (hexagonal) crystal phase Ch, with partially irreversible characteristics to be taken note of further in the more complete phase diagram of Fig. 9 . The Roman numerals denote experimental points documented by x-ray diffraction patterns featured as illustrations in this paper. (The gap in the uppermost C,-L phase line separates measurement range in refs. 9, 10 at low P, from those in present work at high P.) phase C, into liquid (amorphous) A or liquid crystal LC phase, and vice versa-such transformations all being fully reversible. These pathways, and transitions along them, will serve to make our main points and are expressed in the PT phase diagram of Figure 1 . Some experimental points, those corresponding to the x-ray diffraction patterns used here for illustration are indicated (denoted by Roman numerals, for corresponding diffraction patterns see captions of Figs. 3-7) . The phase demarcation boundaries are drawn through knowledge gained from such diffraction patterns. In spite of obvious gaps, the existence of the novel effects of our present concern should be apparent.
As the work proceeded the intervention of a second solid (crystal) phase, partly in an irreversible manner, became also apparent. While of undoubted interest, we consider this rather as an overlay on the primary messages we wish to convey. Thus to simplify the presentation, results and pathways involving this second phase are left to a later section of this paper, the relevant, more complete phase diagram containing them being presented at that stage (Fig. 9) .
RESULTS

Reversible Effects Involving the C, Crystal Phase
Figure 2 is a diffraction pattern from an oriented film of P4MP1 at room temperature (ca. 20°C) and at atmospheric pressure ( 1 bar). It corresponds to the tetragonal crystal form ( C t ) . This will be our starting point. 
Pathway 1
This will be the sequence of increasing P at 2OoC, Figs. 3a-d, showing the corresponding diffraction patterns. As apparent, the crystal reflections broaden, and become diffuse, those close together merge into liquid-pattern type blobs while others disappear. Clearly, long-range crystal periodicity is lost and the system becomes disordered. The whole sequence is fully reversible with P ; in particular, on reducing P , again close to AP, (point i in Fig. 1) a from whichever maximum value, the starting state in Figure 3a is fully regained. Figure 3e shows an example. Thus, each stage seems t o correspond to thermodynamic equilibrium at the stated P and T.
We shall indicate the underlying reversibility in our notation by arrows in both direction, in what follows. At the highest P (ca. 6 kbar) accessible to us, we have virtually an oriented,amorphous material, and indeed, when using an unoriented sample from the start (Fig. 4a) an essentially crystal to amorphous ( C , -A ) transformation is indicated (Fig. 4b) .
From the higher information content of the fiber samples, preferential retention of a certain amount of order in the packing of chains becomes apparent through the greater distinctness and intensity of the diffraction features along the equator (i.e., perpendicular to the fiber axis). At intermediate pressures this has the characteristics of an oriented nematic be difficult to define structurally, and in any case will depend on the value of P.)
The above change from order to disorder with increasing pressure is consistent with the anomalous density relation pc < PA referred to above. In this respect P4MP1, (as far as each stage in the continuous range of transformations can be regarded as of first order) appears to fall in the same class as water or bismuth, where pressure causes a decrease (as opposed to the usual increase) in the melting point. However, the presently observed transitions occur about 220°C below the AP melting point and not in the melting region as in the familiar case of water. To bridge this latter gap we proceeded to examine the effect of P also in the range of T , (i.e., at around 245-300°C in what follows).
T , as a function of P has been examined calorimetrically previously up to 2 kbarg"O~" which we shall reiterate (as it leads to temperatures close to 300"C, it was beyond the present capabilities of our own diffraction-based pressure technique). The findings in ref. 9 are included as a solid line in Figure  1 . As can be seen, T , increases with P as in most solids. Even so, the T , vs. P line shows signs of levelling off with P , suggesting the possibility of a change in sign in the T , vs. P relation at still higher P , a lead which we proceeded to follow up next.
Pathway 2
Here we chose the elevated T , of 248°C which is below the T,,, value at the highest pressures reported in the literature, yet just above T , at atmospheric P , and examined the effect of increasing P at constant T. We found that we could reach the disordered state (LC' or A' taken collectively, (by attaching a hyphon we reserve the possibility that the two x-ray-wise identical disordered states, namely those around R T and around the much higher T,, may be different) at sufficiently high P . This is illustrated by Figure 5 where ( a ) represents the crystalline ( C , ) and ( b ) a disordered state with disordering setting in continuously beyond a threshold P corresponding to the region of intersection of Pathway 2 with the phase demarcation line. The process is reversible, the C, state is regained on reducing P (Fig. 5c ). Here, in contrast to Pathway 1, passage through the LC' or A' region is accompanied by disorientation, in the course of which the initial fiber orientation is largely lost. (In Fig. 5 some loss of orientation is attributable also to heating up while in the C, state-compare Fig. 5a with Fig. 2 . However, we find that such disorientation while in the C, state, can be prevented by increasing P first and raising T subsequently, in which case the full disorientation occurring in the cycle becomes attributable to passage through the LC' or A' state alone.)
It follows from the above, and from several other experimental series, that at sufficiently high P, dT,/dP is negative. Accordingly, the T , vs. P line should have a maximum at some P = P' value. It follows that we have a situation where for P < P' T , rises with P , as for most substances, and for P < P' it decreases [similarly to the case of water, in this instance with reference to the true (conventional) T,] . Connection between the melting curve and disorientation has been explored along this pathway. To quote an example: at 250°C on in- creasing the pressure from 3.2 to 4.0 Kb orientation is lost. This indicates that at 4.0 Kb we are closer to T, than at 3.2 Kb. For the same temperature of 250°C, orientation is lost on reducing pressure from 3.0 to 2.0 Kb. Again, we infer that we are closer to the melting point at 2.0 Kb, compared with 3.0 Kb, which thus seems to be close to the maximum T, attainable by application of pressure.
Pathway 3
This pathway, leads to possibly the most remarkable of effects. It consisted of pursuing a pathway such as 2 but without increasing P so far as to melt the sample (i.e., stopping short of the C,-A' demarcation line in Fig. 1 ) . Here at elevated T and P, while still in the C, phase, T was lowered to RT isobarically.
In such a case, the sample, highly crystalline at the elevated temperature, loses order (i.e., changes toward the LC, or A states on cooling). The extent of the disordering depends on the value of P : the same decrease in T leads to a more pronounced disorganization for higher P. Figures 6 and 7 , show the effect on cooling for two P values. As can be seen, the disordered phase falls into the sequence Figure  3a -d established previously with increasing P at RT (i.e., along Pathway 1 ) . The effect can again be regarded as reversible insofar as the initial crystal state (C,) at high T is reattained on heating at the same P. However, this thermal cycle producing reversible disordering on cooling and crystallization (in the tetragonal phase) on heating cannot be carried out without the intervention of a further, different crystal phase to be addressed below. Nevertheless, when focusing on the end states alone, the conditions represented in Figure 1 regarding reversible disordering on cooling and ordering on heating remain upheld.
A further, Pressure-Induced, Crystal Structure
By the experimental evidence quoted so far, from Pathways 1 and 2 we would expect disorder (LC and/or A ) in two widely separated temperature regions, one at around 200-250°C, the other at ca. 20°C; in case of a continuous connection between the two regions, this would represent a reentrant disordered phase in terms of T. The existence of such a phase region continuity, however, could not be established, owing to the intervention of a new crystal phase C h ( h stands for hexagonal), to which we now turn.
The x-ray fiber diffraction pattern of the new crystal phase is shown by Figure 8 . The cell parameters determined therefrom at RT and AP are: a = b = 16.88& c = 6.31A, a = p = 9 0 ' ) y = 60". Thus the structure should be hexagonal with the c period consistent with chains in the form of 31 helices. The crystal density of this C h phase is 0.826 which is larger than that of the loosely packed C, phase, in fact only slightly lower than the amorphous density extrapolated to RT (in view of the latitude in the extrapolation, the two densities can betaken as equal). The reflections and corresponding planes indexed on the basis of the above cell are shown in Table I . Our pressure-induced new ch phase could be obtained along two routes corresponding to two fundamentally different processes: ( 1 ) irreversibly (oneway entry) from disordered LC or A phase, by raising T a t elevated P, and (2) reversibly from C, by raising P within an appropriate (elevated) T range. In what follows we describe these two routes with illustrations.
Route 1
As demonstrated earlier in Figure 3 , when crystals in the tetragonal phase (point o in Fig. 9 ) are compressed above a certain threshold value, they transform into the disordered LC or A phase (point a in and lop, respectively. Thus we have crystallization on heating in two successive stages, namely into ch and C,.
In the above quoted case of Figure 1Oa there is no loss in orientation, nevertheless at the lower P = 0.78 Kb for the same temperature, orientation may be effected as in Figure  5a . In general, higher temperature is detrimental to retention of orientation, while for a given T higher P favors orientation retention in the P range up to P' and has the opposite effect for P > P'.
The tetragonal crystal phase C, at point c in Figure  9 , transforms into the disordered phase on cooling ( independent of cooling rate ) without passing through the ch phase. Crystallization on heating and disordering on cooling of C, crystals, along Pathways 3 in Figure 1 , has already been demonstrated in Figures 6 and 7 . It follows that the process LC (or A ) t* C, is reversible with T, while ch is reached only by heating from LC (or A), but not by cooling from C,, suggesting an unusual one-way entry into the c h phase. However, c h is retained, and this without any loss or change in orientation, on passing from b to a, and also further from a to 0 in Figure 9 (i.e., c h can be preserved at RT and A P by following this route). 12 Unlike the C, phase, the Ch phase does not pass through a phase transformation in response to pressure (within our experimental limits) at RT, whereas on heating, either at atmospheric or elevated pressures, a c h + C, transition takes place. A t A P the temperature for Ch + C, transformation ( Th+,) was identified as 120OC. This being irreversible (namely there is no reversion to c h on cooling)
indicates that the ch phase is metastable with re- 
Route 2
In what follows, another route of obtaining the c h phase is described. At a fixed TI, where Th-, < T' < T' (e.g., point d in Fig. 9 ) , on increasing P sufficiently so as to reach the dark shaded region of the C h phase in Figure 9 (e.g., d to e in Fig. 91, a solid (c,) to solid (ch) phase transition occurs. On releasing the pressure at the same temperature, c h transforms back into the C, phase. X-ray patterns are shown in Figure 11 and refer to points d and e, respectively. For the temperature and pressure chosen in the present case, no loss in orientation is observed during this reversible c h c--) c, transition.
Further similar experiments, namely entering the ch region isothermally by increasing P , have been performed also at several different temperatures: specifically at T = 19O"C, T = 200°C, and T = 215OC, identifying Ch regions at P = 4.2 Kb, P = 5.5 Kb, and P = 5.8 Kb, respectively. This served to provide a broad mapping of the c, + c h transition region (as along routes such as here denoted as 2, i.e., by varying P) showing that this transition has a positive slope in the PT diagram. Accordingly, this crystal-crystal transition is reversible with P (for
DISCUSSION
The Specific Issues
Disordering with increase in pressure is contrary to the behavior of most materials. The best and longest known exceptions are those with inverted densities (i.e., where pc < p A ) such as water-ice (near 0°C and at A P ) , Bi and a few others, where T, decreases with P, for all P > 0. In addition, as has been revealed by recent researches, there are a number of compounds where normally pc > pa, which become "amorphized" on application of pressure beyond a certain, usually substantial threshold P (several to 100-s Kbars) at temperatures which can extend substantially below the atmospheric melting tem- In the P4MP1 polymer we have both of the above class of effects, namely that where pc < P A , and where (at least initially) pc > P A , at two widely sep- fixed T but not with T (at fixed P) . It follows, among others, that we can obtain C h at RT and AP along two different pathways. These are ( 1 ) ( quoted previously). o --* a + b + a + o and ( 2 ) d -+ e -+ f -+ o both referring to Figure 9 . c h has been obtained along both of these pathways in the present work.
The Existence of a Triple Point
By the foregoing results we know that above 3.0 Kbar, T , of the tetragonal crystal phase decreases with P while the temperature for the c h -C, transition (reversible with P but not with T ) rises with P throughout. This should lead to an intersection of the c h -c, with the c, -Lc' or A' line at a particular P ( P,,) and T ( T,,) defining a triple point Q in the PT phase diagram of P4MP1.
It follows from the designation of the triple point that the C, phase cannot exist for P beyond Ptr. More specifically, for P > P,,, raising T should lead into the LC' or A' phase, and lowering T to crystallization directly into the ch phase. While the confirmation of the first effect was at the limit of our experimental capability, we could verify the second, namely direct crystallization into c h . This is illustrated by Figure  12 which shows that on cooling to 180°C at the fixed P of 6.0 Kbar the disordered LC' or A' phase ( Fig.  12, a ) crystallizes directly into the Ch phase (Fig.  12, @) without passing into the C, phase, as happens for P < Ptr. Figure 12 , y shows c h c* C, transition on the release of P at fixed T.
Through the above experiment (Fig. 12 ) the existence of the triple point has thus been verified. shows (LC' (or A') phase at 6.0 kb, 248"C, ( p ) Ch, obtained on cooling from 248°C to 16OoC, at the same P = 6 kb, ( 7 ) C, after releasing the pressure, from 6.0-1.5 kb, at 160°C. a the phase transitions in both systems being reversible. However, at this point the similarity ends. Namely, with P4MP1, amorphization sets in only beyond a certain threshold pressure (P = 2 Kbar) and the disordered state is expected to be a glass. The second, high temperature region of transformation bears a closer resemblance to conventional melting, hence the "amorphized" material here is expected to be closer to what is conventionally considered as a liquid. However, it is known that in this region at AP, for P4MP1, pc > P A ; i.e., that the densities invert on heating from RT up to the melting point. In terms of this inversion of density with the application of pressure, this second, high-temperature region of amorphization is therefore a closer analog to effects recently observed in the class of simple materials such as Si02, A1P04, etc. mentioned above. Again, the effect in P4MP1 is fully reversible.
Taking the effect at high T (200-250OC) first, we recall that here T , first rises with P, reaching a maximum at P', then decreases on further increase in P. This is readily explicable on the basis that the amorphous (liquid) phase is more compressible than 
AH
( AV = change in volume, A H = change in heat content) that as long as pc > P A , dT,/dP > 0, i.e., T , will rise with P. When PA exceeds pc we have pc < P A , hence, dT,/dP < 0 with T, falling with P. This should account for the shape of the T , vs. P curve such as that drawn schematically in Figure  13a . It follows that at a given T below T , at AP (i.e., in the solid, crystal state) isothermal application of pressure should lead to a disordered phase (liquid along route ( 1 ) , amorphous along route ( 2), as denoted in Fig. 13a ) when intersecting the downward sloping branch of the T , vs. P curve (Fig. 13a ). This clearly accounts for "amorphization" in our high-temperature range (Fig. 5 ) . The same explanation already has been suggested for the "amorphization" of ~i1ica.l~ In that case the temperature of the experiment was 27°C [ i.e., very much below become negative beyond a certain P( P') , where T,,, would pass through a maximum. The liquid/amorphous state could then be achieved isothermally by applying pressure to the solid. Two routes are indicated ( 1) above Tg leading to a disordered phase which is a liquid, and ( 2 ) below Tg, where it leads to amorphous material of solid consistency ("amorphous solid" "or glass"). Anticipated rise of TB with P, not indicated by the diagram, would also raise the demarcation temperature between "liquification" ( 1) and "amorphization" (2) . ( b ) The same construction as in (a), but for a system where pc < pA a t atmospheric pressure (e.g., water), thus without a positive section of the T, vs. P curve. Here, (as also for Fig. 13a ) the T, vs. P curve need not be that for the lowest free energy throughout the whole PT range indicated namely other stables crystal phases may intervene. In the latter case the curve shown here will be an extrapolation of the phase line corresponding to the stable state near atmospheric pressures. (e.g. for ordinary ice which melts at OOC) .
the conventional melting zone (ca. 3000°C ) ] hence, by the above argumentation (Fig. 13a ) requiring very high P for the above mentioned intersecting of the downwards branch of the T , vs. P line; in fact 250 kbar was found experimentally. There, in contrast to our P4MP1, the T , vs. P curve is unknown and the turning over from a positive to negative slope with P is merely postulated. Independently, the same explanation has been proposed for the recently studied behavior of water-ice systems at -196°C where amorphization of hexagonal ice was reported at P ca. 10 Kbar.1s,19 This differs from our P4MP1 case (and from the proposed explanation for S O 2 )
only insofar that with water-ice dT,/dP < 0 throughout as from 1 bar (ice melts under pressure anyway) and the T, vs. P curve (always with negative slope) is being extrapolated through various ice modifications down to -196OC, where it is intersected along an isothermal pathway with increasing P to produce the amorphization of hexagonal ice (Fig. 13b) . It is to be noted that the amorphizations of both SiOp and ice (at -196°C) are irreversible, in contrast to the reversibility in our P4MP1. In the above respect (i.e., change in sign of dT,/ d P with P ) , we are dealing with a fundamental behavior pattern of matter in broadest generality, for which P4MP1 now provides a conclusive example. Preliminary experiment indicates the beginnings of the same effect with isotactic polystyrene at the upper P limit of our experimentation. The case of S O 2 , and water-ice, together with other materials quoted above, demonstrates that the validity of this argumentation extends beyond polymers, possibly to all materials. In fact this had been foreseen by Tamman, together with much else, as a thermodynamic necessity as early as 1903 (see further below) .20* 21 The amorphization of P4MP1 in the lower temperature range, RT, falls in a different category. In view of pc < pA at R T ab initio, the above argumentation (based on inversion of densities with P ) is both unnecessary and inappropriate. In any event, the onset of amorphization occurs at much too low P for it to be attributable to intersecting the negative branch of the T , vs. P line as extrapolated to 2OoC on the basis of Figure 13a . The disordered phase must therefore be reentrant in terms of T with the possibly surprising consequence that at a sufficiently high P it should be obtainable on lowering of T . As is apparent from our experiment, this striking effect has in fact been observed (Figs. 6, 7) .
At this point one may enquire about the continuity between the two disordered phase regions observed at high and low temperatures (as in Fig. 9 ).
In our case, passing from one region to the other in a continuous manner (i.e., circumnavigating the intruding crystal region) however, is frustrated by the intervention of an additional crystal phase, the c h phase in Figure 9 as described in the.Experimenta1 section. Under these conditions the thermodynamic identity or otherwise of the two classes of disordered phase (LC and LC' in its various gradations, A and A ' ) remains unverifiable. The observed reversibility itself strongly points to the fact that equilibrium conditions pertain, even if recognizing that this need not be an absolute criterion.22
In addition to the unusual, if not extraordinary effect of reversible disordering on cooling, together with the associated ordering on heating, some further unusual effects need highlighting. Such is the broad nature of the transition which comprises the new intervening crystal phase ( c h ) , accessible by one-way entry only with T , but reversibly with P. We shall return to some fundamental implications below. Here we merely read off the straightforward message of the experiment, that C, cannot transform to any other crystalline state, it can only disorder, while C h rather transforms to a crystalline state than disorders. Further, c h only forms from the disordered state when under pressure; intriguingly by heating only when P < P,,, but both by cooling and heating when P > Ptr (the latter, i.e., by heating, while selfevident, still requires verification).
Other unusual effects, which will be listed without any attempt at explanation, include the continuity between decreasing stages of order from what, by diffraction criteria, could be classified as liquid crystal (LC) to completely random [amorphous, (A)], following the first sudden loss of crystalline order at some threshold pressure. This continuous gradation of change in order with P within the combined LC and A (and LC' and A') regimes has to our knowledge no counterpart in other kind of condensed matter. As at each stage all material seems to be involved the unavoidable inhomogeneity of molecular lengths is unlikely to provide an explanation. Consequently, the gradual nature of the changes has to be regarded as a genuine property of matter.
Further, there is the issue of changes involving the glassy state. These are of two kinds: transformation of crystals into the glassy state, and transformations from the glassy state into crystals, the latter arising where the crystal to liquid (or liquid crystal ) transformation is reversible below what by normal expectation should be the glass transition. Authors of the papers on SiOp and on water-ice consider the amorphization observed by them below Tg as unprecedented and of far reaching implications. The same applies to the low-temperature transformation in our polymer, to which we now give the same emphasis. Our case, however, is even more unusual because, while in ice and silicates the transformation was found irreversible, ( the material stayed glassy amorphous on removal of P ) in our case there was complete reversibility (Fig. 3e) . If the question of how phase transformation can take place into the glassy state appears puzzling, then reversal into the crystalline state from the glass (if indeed the material with a certain amount of LC characteristics is a glass at these high P-s) is even more so! 22 However, there is a wider issue overlying it all: namely, what is the relation of the particular states in question to the PT phase diagram of the corresponding materials? Specifically, are the observed states, and transformations to and from these states interpretable through equilibrium phase diagrams? By addressing these issues we do not wish to imply that the states in question, as we are observing them, have actually attained their state of maximum stability, hence are in ultimate equilibrium; we merely wish to make sure that by considering them as such we would remain within the validity of the basic laws. It is to these wider fundamental questions, arising from the present results, that we turn in what follows.
General Considerations
In the above connection the central point to consider is the feasibility of disordering (and even melting) on cooling as a thermodynamically definable process and the consequent reality of reentrant disordered phases in PT phase diagrams of single component system. Issues relating to the glassy state then follow as sequels.
Disordering on cooling implies crystal with entropy higher than that of the disordered state (amorphous or melt) of the same substance. This at first sight may seem to violate the deeply ingrained notion that the higher degree of order implicit in a crystal necessarily implies lower entropy. In what follows we shall attempt to dispel such notions. For this, first we shall refer to actual systems known from experience in a different field of specialization (colloids) to be followed by reinvoking some long standing, but largely bypassed, basic early considerations on phase relations.
First it needs recalling that order, as defined by geometry, need not be synonymous with order as defined by thermodynamics, (or rather by the underlying statistical mechanics). For this there are well documented and theoretically well founded examples, and precedents. Such are, e.g., regular lattices of spherical colloidal latices where the entropy of the crystal is higher than that of the corresponding disordered arrangement of the particles at the same c~n c e n t r a t i o n .~~ This situation is due to the increase in correlational possibilities within the lattice which more than compensates for the loss of configurational freedom associated with the fixing of the centers of gravity of the particles to geometrically defined lattice sites. In view of the fact that no heat effect is involved ( A H = 0, "hard sphere" approximation) here this increase in entropy is in fact the driving force for "crystallization." Also, the well known case of self alignment of rigid rods is basically a similar entropy driven ordering of elongated bodies, in this case from the isotropic to the nematic state.25
For polymers with loosely packed crystal structures, as compared to their denser, configurationally hindered melts or glasses, the above possibility (i.e., higher overall entropy in the geometrically more ordered phase) may pertain, a situation which may arise at sufficient pressure when P > P' at least deserve consideration. Of course in contrast to ideal hard bodies, in the case of molecular ordering heat effects will never be negligible, and competition between A H and A S will always pertain ( H = enthalpy, S = entropy). However, in principle there can be an inversion of sign not only for A S (argued above), but also for AH when passing from one phase to another which would create a situation such as that currently observed with our polymer.
It is this situation which was foreseen by Tamman in his generalized treatment of phase diagrams.20 '21 As the source books may not be readily accessible the essentials will here be reiterated. The basic underlying motivation (as expressed in the conclusion of ref. 20) was the realization that there can be no critical point for a system of crystal-liquid. This means that if we could follow a phase line in the PT phase diagram to arbitrarily high T and P, such a line would either have to go on to infinity, or alternatively, would have to curve back on itself. It is this latter alternative considered by Tamman, but to our knowledge not taken note of since, which would give rise to reentrant phases, even in a single component system, irrespective of whether such a stage is accessible to us in practice. Specifically, such turning over (i.e., maxima in terms of T o r P in the phase lines) can be quantitatively located through what Tamman terms, "neutral lines" to be briefly outlined. Following Tamman, take volume ( V ) and consider it as functions of P and T . In view of the higher compressibility and thermal expansion of the liquid compared to the crystal the V vs. P . and V VS. T curves will cross (irrespective of whether this is achievable in practice in terms of facilities or time scale). Figure 14a , depicts this situation for V VS. P. When plotting V vertically with respect to the plane of the paper, we have two VPT surfaces, one for liquid and one for crystal which intersect along a line where V for liquid and crystal are equal, hence in a phase transformation AV = 0. Projection of this line on the PT plane is a "neutral line" for V (AV = 0 in Fig. 14b ). The point of intersection of this "neutral line" with the crystal-liquid phase line ( S -S in Fig. 14b ) corresponds to a maximum in the T , vs. P curve (i.e., to the P where dT,/dP changes sign). The relevance of this representation to our own experimental material will by now be self-evident (compare with Figs. 1 and 9 ).
Tamman then proceeds to construct a similar neutral line for the change in heat content on phase transformation. ( R in his notation), leading, by an argument analogous to the one above, to a neutral line with an ensuing maximum of the phase line S-S in terms of P (i.e., to a point where dT,/dP = c o (Fig. 14c) . Asserting a theorem that for crystal and liquid, neutral lines for different properties cannot coincide then, if at least two such neutral lines exist, a reentry in phase lines must follow. Thus, if no other phase intervenes, the phase line will meet up with itself forming a closed loop (Fig. 14d) or meet one of the coordinates (i.e., at P = 0 or T = 0). Or alternately, it will join up with other phase lines (e.g., vapor-liquid as represented by Figure 14e ). It will be apparent that at least the fully reversible features of our own system are embodied by this general scheme. Thus by Tamman's thermodynamic argument (which we see no ground to question) our present findings are consistent with expectations from general phase behavior of matter, even if some features may, by past experience, appear highly uncommon or even unprecedented.
Tamman denotes the disordered phase at high temperature as "liquid" and that at low temperature as "amorphous solid" (Fig. 14e) . This distinction is not based on thermodynamics, but merely on consistency. By present language "amorphous solid" would signify "glass". It is then a further matter that in current usage the term "glass" is being associated with a nonequilibrium state. It is essential to realise that from the thermodynamic point of view this need not be necessarily so. In principle at least a glass could approach equilibrium, satisfying the Tamman criterion of an equilibrium "amorphous solid", (which of course by the criterion of consistency will be a glass a fortiori). Whether in an actual situation the glass is in true equilibrium or still somewhat above it, will not affect the principle of this type of phase construction, merely the quantitative location of the phase line itself, a point of only secondary concern to us at this stage of broadbrush mapping of uncommon phase behavior. Even so, we recognize the possibly profound implications of the above considerations for ongoing thoughts and related terminology in the study of glasses and for such conceptual issues as e.g. the Kauzman paradox.
Tamman himself was well aware of the fact that most of the situations embodied by his generalized phase diagrams were beyond the experience of his day. He attributed this to conditions not realizable at the time. Taking known thermodynamic parameters, and their variation with P and T for specific substances, he carried out extrapolations, to P and T ranges beyond what was accessible at the time, thus constructing "full" phase diagrams, utilizing amongst others the conception of "neutral lines". For example, for benzophenone he obtains a flatbased reentrant loop truncated by both the T and P coordinates, that is with flat bases of P = 0 and T = 0, respectively.20 (It would be interesting to follow up how far such predictions have stood the test of time!). Tamman knew that realization of the "full" phase diagrams would, in most cases, require conditions which are extreme in terms of P and T. 26 This point has been taken up later by Vogel (p. 49 of ref. 29) expecting such extreme conditions to be pertinent in outer space and within the earth interior where thus the Tamman considerations would be expected to apply. References to geological and extra terrestrial relevance were also made in the recent works on water-ice "J' and silica, '' without, however, any apparent awareness of the long standing Tamman precedent. It now appears that in view of the new findings on a polymer such, so far geological and extraterrestrial, conditions may have become accessible closer to laboratory circumstances.
CONCLUSIONS
The PT phase diagram of poly-4-methyl-pentene-1 displays a wealth of unusual effects. Some of these are undoubtedly specific to this polymer in which the density of the crystal is lower than that of the amorphous solid (as extrapolated to room temperature), but others are likely to reflect more general behavior of matter even beyond the confines of polymers. The latter include the inversion of sign in the Clausius-Clapeyron equation with pressure; phase transitions involving the glassy state, including cases of reversibility; and, above all, disordering (formation of liquid crystal and amorphous states) on cooling indicative, among other things, of the existence of reentrant disordered phases with temperature. Search for thermodynamic justification of such effects (which imply, among others, crystal entropy which exceeds that of the liquid) leads to precedents and parallels in the self organization of colloidal hard bodies and to the revisiting of some basic considerations about phase diagrams in the early literature that has now fallen into oblivion. Revitalization of the latter, as prompted by the present, highly definitive experimental material may well open up new perspectives in the phase behavior of condensed matter in general with polymers as test materials particularly suited for this purpose. The new findings and the approach they generate may have practical outlets insofar as they point to states of materials not accessible previously, and to processes for bringing them into being, with properties which are unforeseeable at present. As far as the polymer field is concerned, the new findings on P4MP1 call for extension of such work to other polymers, and to the possible design of new polymers, such as would or could respond in a positive way to the presently developed experimentation. Returning from the general to the specific, the present findings provide much new information about P4MP1 itself, both of interest in its own right, and calling for renewed attention to this particular polymeric substance.
